Abstract Degradation of trifluralin, as a wide used pesticide, was investigated by advance oxidation process comprising O 3 /UV/H 2 O 2 in a concentric tube airlift photoreactor. Main and interactive effects of three independent factors including pH (5-9), superficial gas velocity (0.05-0.15 cm/s) and time (20-60 min) on the removal efficiency were assessed using central composite facecentered design and response surface method (RSM). The RSM allows to solve multivariable equations and to estimate simultaneously the relative importance of several contributing parameters even in the presence of complex interaction. Airlift photoreactor imposed a synergistic effect combining good mixing intensity merit with high ozone transfer rate. Mixing in the airlift photoreactor enhanced the UV light usage efficiency and its availability. Complete degradation of trifluralin was achieved under optimum conditions of pH 9 and superficial gas velocity 0.15 cm/s after 60 min of reaction time. Under these conditions, degradation of trifluralin was performed in a bubble column photoreactor of similar volume and a lower efficiency was observed.
Introduction
Rain and surface water runoff can transport pesticides from agricultural fields through the soil into underground reservoirs, rivers and lakes and reach drinking water supplies (Sasaki et al. 1991; Moza et al. 1998) . In recent years, pesticide pollution of surface waters has increased substantially (Kaushik et al. 2010; Navarro et al. 2010) . They reach ecosystems by direct application, aerial spraying, spray drift, atmospheric fallout, soil erosion and runoff from agricultural areas, discharge of industrial and domestic sewage, leaching, careless disposal of empty containers and equipment washing (Mattice et al. 2010; Luo et al. 2014) .
Trifluralin, 2,6-dinitro-N,N-dipropyl-4-(trifluoromethyl) aniline, is one of the most common pesticides used to control pests and weeds in a wide variety of agricultural crops since 1960 (Constantin and Owens 1982) . It generally ranks in the top ten agricultural pesticides according to annual sales and usage (Sipyagin et al. 2004) . It is toxic to aquatic organisms, and the US Environmental Protection Agency has classified it into group C of possible human carcinogens (Greene 2005) , as it is an endocrine disruptor (Rawlings et al. 1998) . Trifluralin has mostly appeared in surface and runoff water (0.001-0.08 ppm) as reported by several authors (Wilson et al.1996; Alegria and Shaw 1999; Moore et al. 2007; LeBlanc and Kuivila 2008) .
The negative impact created by pesticide pollution on the environment has attracted our attention to the use of advanced oxidation processes (AOPs) in water treatments involving highly reactive hydroxyl radicals, OHÁ (Parsons 2004; Ikehata and Gamal El-Din 2005a, b; Catalkaya and Kargi 2009; Chelme-Ayala et al. 2010; Asgari et al. 2014; Ribeiro et al. 2015) . The hydroxyl radicals are generated via oxidizing agents such as H 2 O 2 , O 3 , ultraviolet irradiation (UV), or by combinations of oxidants with homogeneous or heterogeneous catalysts and recently ultrasound irradiations (US) (Gogate and Pandit 2004; Sanches et al. 2010; Mohajerani et al. 2012) . Trifluralin degradation has not been studied widely; however, it is highly used in the world (Sipyagin et al. 2004; Ormad et al. 2008) . Kearney et al. (1987) investigated the degradation of trifluralin (l0-100 ppm) by O 3 / UV and more than 90 % removal was obtained after 1 h. Chelme-Ayala et al. (2011) studied the degradation of trifluralin (3 lM) by O 3 (aqueous saturated solution) and O 3 /H 2 O 2 . The highest degradation of 67 % was observed at pH 9 by O 3 /H 2 O 2 , whereas the corresponding value was lower than 50 % in O 3 alone. In another work, Chelme-Ayala et al. (2010) investigated the photodegradation of an aqueous solution of trifluralin by UV (253.7 nm) and UV/H 2 O 2 and 90 % degradation was achieved with UV/H 2 O 2 . The reaction kinetics and byproducts of photodegradation of trifluralin by UV-Vis light and simulated solar irradiation were investigated in detail by Tagle et al. (2005) and Dimou et al. (2004) , respectively.
Based on the author's knowledge, no investigation that dealt with the use of O 3 /UV/H 2 O 2 for trifluralin degradation has been reported. To assure that each fluid element receives uniform UV radiation dose, choosing the proper mixing rate eliminates mass transfer limitations inside the reactor (Tabrizi and Mehrvar 2006) . A reactor with the benefits of high efficiency, low energy input and easy construction to improve degradation efficiency is necessary. In this work, an airlift reactor (ALR) was applied where the gas injected in the riser permits fluid circulation throughout the downcomer.
Materials and methods
The experimental setup including the airlift photoreactor is schematically shown in Fig. 1 . A Pyrex cylindrical reactor (10 cm in diameter and 45 cm in height) consisted of a draft tube with diameters of 4 cm and height of 35 cm. The bubble column reactor geometry of similar volume was achieved by removing the draft tube from the airlift reactor. Ozone was produced from dried air using an ozone generator module 20 G/H (Arda, France). Its flow rate was measured with a rotameter before entering the reactor and its concentration was determined using an iodimetric method (Rakness et al. 1996) . Ozone was injected into the riser and improved the circulation of liquid inside the reactor. The UV chamber was made up of four UV AB lamps (15 W, 280-400 nm, Narva, Germany). Continuous illumination was provided by UV lamps, fixed around the reactor with a lightened surface area of 0.141 m 2 . For each experimental run, the reactor was loaded with 3.5 L of an aqueous solution of trifluralin (initial concentration of 1 mg/L). Trifluralin was obtained from Sigma-Aldrich (Canada) and was applied without further refinement. Then, 200 lL H 2 O 2 (30 % w/w, Merck, Germany) was added to the solution. To adjust the pH, a phosphate buffer solution was prepared using reagent-grade sodium phosphate monobasic, potassium phosphate, sodium hydroxide, and phosphoric acid. Trifluralin concentration was monitored by a high-performance liquid chromatography (HPLC) instrument (930D LC pump, UV730D detector, YoungLin instruments, Korea) equipped with a Tracer Excel 120 ODSA, 5 lm 25 9 0.46 column. Trifluralin detection was carried out using an isocratic mode with acetonitrile and water (75:25 % v/v). All experiments were performed twice and the obtained standard deviation was always less than 5 % of the reported value.
The degradation efficiency of trifluralin was determined using the following equation:
where g obs is the degradation efficiency (%), C 0 is the initial concentration of trifluralin (mg/L) and C t is the concentration of trifluralin at time t (mg/L).
Experimental design
Response surface method (RSM) is an efficient statistical tool to optimize the operating conditions in multivariable systems by considering the interactions between variables. Using RSM, with a minimum number of experiments, an optimal response could be achieved (Ghafoori et al. 2012 (Ghafoori et al. , 2015 Rajkumar and Muthukumar 2015) . The experiments were conducted by a central composite design (CCD) defined under RSM. Superficial gas velocity, pH and time were chosen as the independent variables in the O 3 /UV/H 2 O 2 process. The experimental design was conducted using Design Expert Software (ver. 7). High and low levels of the three independent variables are shown in Table 1 .
Results and discussion
The O 3 /UV/H 2 O 2 process includes three components to generate OHÁ and oxidize the pollutant for pursuant reactions. The organic compound could be decomposed via two main oxidation mechanisms by O 3 . One is oxidation with molecular ozone and another pre-dominant indirect mechanism includes generation of OHÁ by O 3 decomposition in aqueous solution. In the presence of H 2 O 2 , hydroxyl radicals are generated by the interaction between UV and H 2 O 2 . In this case, the free radical production process can be looked upon as H 2 O 2 direct photolysis. Moreover, on O 3 decomposition in an aqueous environment in the presence of H 2 O 2 , the free OHÁ and the superoxide ion (Glaze et al. 1987) appear. The superoxide ion continues to further the O 3 decomposition process. The rate of degradation of trifluralin was also enhanced by direct photolysis using UV. The AOPs with UV irradiation and O 3 is initiated by the photolysis of ozone. The photo-decomposition of ozone produces H 2 O 2 and, hence, generates more hydroxyl radicals (Kusic et al. 2006; Chelme-Ayala et al. 2010 . A threevariable three-level central composite statistical experiment design was applied to investigate the effect of the independent variables on the response function and to find the optimal conditions for maximized degradation. The experimental conditions and the observed and predicted values for the degradation efficiency are presented in Table 2 .
Central composite model
A relationship between the response and variables was attained by Design Expert Software and expressed by a reduced quadratic model. The quadratic model for predicting the degradation efficiency (g prd ) in terms of the coded variables is as follows:
The negative coefficients for the model components indicate the unfavorable effects of AB, AC and A 2 on the degradation efficiency, while the positive coefficients for A, B and C indicate favorable effects on the degradation efficiency.
The statistical importance of the model to predict the degradation of trifluralin was analyzed using the analysis of variance (ANOVA). Table 3 presents the statistical characteristics of the selected significant model's terms to characterize the trifluralin degradation efficiency as a function of the variables examined. From the analysis data, A, B, C, AC, AB and A 2 are significant terms and other model's terms are not significant due to the p value higher than 0.05. The most to least significant reaction variables are presented as: The significance of each coefficient and the interaction strength between each independent variable was determined by F value and p value (Table 3) .
A small probability value (p \ 0.05) shows that the model was very significant. High values of the determination coefficient (R 2 ) confirmed that the model fitted well to the experimental data. Moreover, adequate precision larger than 4 (76.37 in this case) indicates that the model could be appropriate for describing the present trifluralin degradation process.
An extent of the range in the predicted response toward its associated error is adequate precision.
The main diagnostic plots (Fig. 2) were applied to evaluate the residual analysis (difference between the observed and the predicted response value) of the response surface design and guaranty that the statistical assumptions fit the analysis data. It could be deduced that the predictions of the experimental data with the developed quadratic model for the degradation efficiency is exactly satisfactory. The results illustrated in Fig. 2 supply the general influence of a normal distribution of underlying errors, since the residuals lie along the line; therefore, the model is an acceptable fit with no apparent problem in normality and response transformation. Based on these plots, residuals plot appear to be scattered at random; thus, the model proposed is appropriate for data and the constant variance assumption is confirmed.
The 3D response surface and 2D contours based on the quadratic model were plotted, as shown in Fig. 3 . These plots represent the variation of the response with two > Interaction between the pH and superficial gas velocity (-0.46) variables, keeping all the other variable fixed. The nonlinear nature of all 3D response surfaces shows considerable interactions between independent parameters and the degradation efficiency as a response function. The plots are nearly symmetrical in shape with circular contours. The clear peak in the response surfaces indicates that the optimum conditions were located in the experimental design region. The response surface plots indicate the optimum values for the maximum degradation efficiency, where pH is 9, superficial gas velocity 0.15 cm/s and time 60 min. At these optimum values, the predicted and observed degradation efficiency was 100 and 99.6 %, respectively. Moving away from these points shows reduction in degradation efficiencies, suggesting that either decrease or increase in any of the examined variables leads to decrease in the response. Figure 3a demonstrates the effect of reaction time and pH on the degradation efficiency at constant superficial gas velocity of 0.1 cm/s. Figure 3b shows the effect of reaction time and superficial gas velocity on the degradation efficiency at a constant pH of 7. The degradation efficiency increased sharply as the reaction time increased from 20 to 60 min. In fact, with increasing reaction time, a significant effect of combined reactions among O 3 , H 2 O 2 and UV was obtained, resulting in the production of more hydroxyl radicals. Figure 3c illustrates the effect of superficial gas velocity (Ug) and pH on the degradation efficiency at constant reaction time of 40 min. Increase in the pH of the solution (from 5 to 9) increases the degradation efficiency for any reaction time. The pH of a solution plays an important role in the photo-oxidation process which depends on the nature of the contaminants. At higher pH, the deprotonated pesticide species have superior reactivity with O 3 than protonated species. In addition, the high levels of OHÁ at pH 9 could contribute to the enhancement of the pesticide oxidation at this pH (Chelme-Ayala et al.
2010, 2011
). On increasing the superficial gas velocity from 0.05 to 0.15 cm/s, the degradation efficiency also increases. Higher gas flow rate supplies higher mixing efficiency and liquid circulation. Higher liquid circulation leads to greater degradation rate and mass transfer coefficient (Mohajerani et al. 2012) . The decrease in the degradation time with increasing gas velocity is ascribed to the increment of the rate of mass transfer of O 3 from gas Fig. 3 Interaction effects of different variables on the degradation efficiency using 3D response surface and 2D contour plots, a pH and time, b Ug and time, c pH and Ug bubbles to the liquid phase as a consequence of eddies produced in the wake of the ascending bubbles, lessening the diffusion layer thickness which surrounds the bubbles and enhancing the gas holdup. The enhancement in gas holdup increases the liquid-gas interfacial area with a resultant increase in the rate of mass transfer of O 3 from the gas bubbles to the solution (Kuo 1982; Konsowa 2003) .
Effectiveness of different AOPs
To study the synergistic effect under optimum conditions, the degradation efficiency of trifluralin was measured (Fig. 4) . The effectiveness of the processes was compared based on the degradation efficiency. The pH and superficial gas velocity were kept constant at an optimum value of 9 and 0.15 cm/s, respectively. The degradation efficiency was found to be 68, 82, 84, 91, 98 and 99.6 (Kearney et al. 1987; Chelme-Ayala et al. 2010 . However, all the O 3 /UV, UV/H 2 O 2 and O 3 /UV/H 2 O 2 processes were capable of oxidizing aqueous trifluralin solution faster than ozone on its own, indicating a photochemical increment oxidation effect. This is fundamentally due to the photolysis of O 3 , the increased mass transfer of O 3 and the production of hydroxyl radicals that react quickly with the organic pesticide in the aqueous solution (Lucasa et al. 2010) .
Cost evaluation of the O 3 /UV/H 2 O 2 process
Today, the estimation of the treatment costs is one of the most important aspects. The overall costs are represented with the sum of the operating costs, the capital costs and maintenance. For a system, these costs forcefully depend on the configuration of the reactor and the flow rate of the effluent and also the nature of the effluent (Andreozzi et al. 1999; Esplugas et al. 2002) . Some effort have been done for the estimation of the operating costs and to develop a procedure for the assessment of the electrical energy consumptions of UV lamps (Bolton and Cater 1994; Bolton et al. 1996; Andreozzi et al. 1999 ). According to this procedure, after fixing a reference level of degradation of a specified pollutant (90 %), a pseudo-first-order kinetic constant is evaluated. For a fixed volume of wastewater (i.e., 10 3 L), the energy needed for attaining the chosen level of abatement can be therefore obtained through the following relation:
where P is the lamp power (kW); k is the pseudo-first-order constant (min -1 ); V 0 is the volume of the tested solution; and E is the energy in kWh needed for achieving 90 % removal of pollutants in 1000 L of treated wastewater.
In this work, continuous illumination was provided by four UV lamps, installed around the reactor to obtain a suitable distribution of light along the surface area of the reactor. Therefore, an average energy (E) of 0.53 kWh was calculated. Values of E less than 2.5 are considered suitable for practical applications (Bolton and Cater 1994; Andreozzi et al. 1999 ). However, it is possible to reduce the UV lamp to two and have sufficient amount of light irradiation.
Bubble column photoreactor
To study the effect of hydrodynamics and reactor geometry on degradation efficiency, an experimental run was performed in a bubble column reactor (BCR) with the similar working volume of the airlift reactor (ALR). The BCR geometry was easily achieved by removing the draft tube of ALR. The degradation experiment was conducted in BCR under the optimum conditions obtained in ALR (pH 9, Ug 0.15 cm/s, time 60 min) and a similar trend was observed. However, the degradation efficiency reached 98 % in BCR, which was less than that obtained in ALR. This behavior might be due to better mixing conditions in the airlift photoreactor. To verify this reason, the residence time distribution (RTD) of the liquid phase was determined experimentally using the classical tracer response method. A specific amount of inert tracer (10 ml of a saturated NaCl solution) was injected within the reactor at a certain time (t 0 s) and its concentration measured as a function of time. Figure 5 illustrates the RTD of liquid in ALR and BCR, indicating higher mixing performance in ALR than BCR. Liquid mixing time is a significant qualitative index used mostly to represent the overall mixing property in the reactors, wherein a shorter mixing time represents a higher degree of mixing Farhadian 2013, 2015) . Mixing time is defined as the time needed to achieve a 5 % deviation from complete homogeneity from the instance of tracer addition. The superior performance of the airlift than bubble column photoreactor may be attributed to a well-defined flow pattern and better dispersion effects in the airlift that allows more effective light utilization efficiency. The generation of fluid circulation within the reactor increases the ozone mass transfer rate inside the liquid phase. During the degradation process, systematic mixing is important to bring all fluid elements to the vicinity of UV lamps and increase the photochemical degradation rate.
In the bubble column photoreactor, fluid elements and ozone bubbles nearer the light-receiving surface experienced a higher irradiation than bubbles elsewhere in the vessel. It seems that ultraviolet radiation decomposes O 3 in the gas phase before it is transferred into the liquid phase and leads to a decrease in the efficiency of ozonation (Hayashi et al. 1993) . Gaseous ozone absorbs ultraviolet radiation with wavelengths as long as 290-320 nm and is decomposed into O 2 molecules. Ozone is much more reactive than oxygen and its equilibrium liquid concentration, and then the oxidation efficiency is decreased by this conversion:
As a consequence, the rate of the following reaction generating hydrogen peroxide is decreased:
In the internal loop airlift photoreactor, the riser zone is not sufficiently illuminated by UV as the downcomer zone, where the following reaction is dominant:
Fluid elements move between the relatively low and highly illuminated zones intermittently and undergo a cyclic light effect (Li and Yang 2013) . The effect of circulatory flow and well-defined circulation pattern in the ALR allowed all the fluid elements to be exposed to high light intensity zone, and hence the effect of high light intensity was scattered evenly all over the medium (Merchuk et al. 1998; Monkonsit et al. 2011) . The downcomer permits sufficient light penetration into the liquid depth to sustain reasonable photo-oxidation reaction rates as follows:
In the bubble column, the cross section has a concentrated light region, and proper recirculation of fluid elements is not possible, since aeration only superimposes accidental movement with no net liquid motion. Whereas some fluid elements are subjected to high light intensity in the close vicinity of the illuminated column walls, those centrally positioned in the column are subjected to much lower light intensity leading to ineffective light utilization efficiency. Moreover, the gas bubbles are somewhat undesirable because they could hamper the passage of light to the center of the photoreactor, as the light penetration ability is blocked and dissipated with the swarm of bubbles. The ozonation in the riser of ALR was preferred to minimize the quantity of bubbles in the downcomer, which would reduce the efficiency due to light scattering (Roy 2015) .
Prospective O 3 /UV/H 2 O 2 process in an airlift photoreactor ALR is widely used in environmental and chemical industries because of its outstanding characteristic such as simple construction, low shear force, easy magnification and high efficiency (Xu et al. 2012) . Moreover, the operating cost is relatively low, as the only power required is the electrical power to drive the airlift photoreactor (60 W in the present case). The method of airlift photoreactor degradation has many advantages such as convenience, economy, safety and high efficiency; as a consequence, it has a good prospect in future applications. Airlift photoreactor is an advisable choice for treating organic wastewaters and it could be easily scaled up to an industrial one. More attention should be devoted in the future to identify scale-up parameters and the criteria for cost-effectiveness of the process. 
Conclusions
In this work, the treatment of an aqueous solution of trifluralin was studied by an advanced oxidation process including O 3 /UV/H 2 O 2 in an externally irradiated airlift photoreactor. The effects of pH, superficial gas velocity and reaction time on the degradation efficiency were studied using RSM based on CCD. In the airlift photoreactor, due to the existence of a regular mixing pattern and exposure of the fluid elements to intermittent UV light which leads to enhance the efficiency of light utilization, the complete degradation efficiency of trifluralin was achieved. The reduced quadratic model developed indicated the significance of individual terms and some of the interaction terms. The model predictions and experimental data agreed well and the RSM could identify the most significant operating factors. Furthermore, this study examined the efficiency of trifluralin degradation in a bubble column photoreactor under optimal conditions. The results obtained in the laboratory-scale photoreactor demonstrate that the airlift is more efficient than the bubble column one in the treatment of aqueous pesticide solution.
